Summary. Carcinogenic and mutagenic N-ni-trosodialkylamines are metabolically activated through c~-hydroxylation. The synthesis, chemical properties, and microbial mutagenicity of e-hydroxy N-nitrosarnines have been reported previously. Potent mutagenicity of four N-nitroso-N-(hydroxymethyl)-alkylamines (alkyl = methyl, ethyl, propyl, and butyl) was demonstrated in the present study in V79 Chinese hamster cells, ouabain resistance being used as an indicator. All the compounds were strong mutagens in the absence of metabolic activation systems. The mutagenic and cytotoxic potencies correlated well with each other, and depended on the alkyl group, decreasing in potency in the following order: methyl > ethyl > propyl = butyl. Their alkylating reactivity was measured by alkylation of thiophenol, and a good linear relationship was observed between the rnutagenic and cytotoxic potencies and their alkylating reactivity. The mutagenic and cytotoxic potencies of the e-hydroxy N-nitrosamines in V79 cells were well correlated with those of c~-acetoxy and c~-hydroperoxy N-nitrosamines with respect to the effect of alkyl group. The resuits obtained here supported further that e-hydroxy N-nitrosamine is the active species in the metabolic activation of N-nitrosodialkylamine.
Introduction
N-Nitrosodialkylamines are metabolically activated before they act as carcinogens and mutagens, e-HyOffprint requests to: M. Okada (address see above) * Dedicated to Professor Hermann Druckrey on the occasion of his 80th birthday Abbreviations: MEM, Eagle's minimal essential medium; PE, plating efficiency; MY, mutation yield; MF, mutation frequency droxy N-nitrosamines are the most probable species as the activated form; these decompose spontaneously by releasing aldehydes to give alkyldiazohydroxides, alkylating species, which modify DNA of target cells ( Fig. l) (Druckrey 1975) . Synthesis and chemical properties of ~-hydroxy N-nitrosamines (Mochizuki et al. 1980a; Okada et al. 1980) and their direct and potent mutagenicity in Salmonella typhimurium TA1535, Escherichia coli WP 2, and E. coli WP 2 her-have been reported recently , substantiating the postulated pathway of the activation as shown in Fig. 1 . ~-Hydroperoxy (Mochizuki et al. 1980b, c) and a-acetoxy N-nitrosarnines (Wiessler 1974; Roller et al. 1975; Okada et al. 1975; Mochizuki et al. 1978) , on the other hand, are good models of the unstable ahydroxy N-nitrosamines, since they are easily converted to a-hydroxy compounds in biological systems. These two types of model compounds are mutagenic and cytotoxic to microbial cells without using any metabolic activation systems (Mochizuki et al. 1979; Okada et al. 1980) , and also to V79 Chinese hamster cells (Huang et al. 1981; Kohda et al. 1982) . This paper describes the mutagenic and cytotoxic activities of e-hydroxy N-nitrosamines in a mammalian system, V79 Chinese hamster cells, and these biological activities have been compared with their alkylating reactivity toward thiophenol as a nucleophile. The mutagenic activity in V79 cells has also been compared with their microbial mutagenicity. A comparison of the biological activities of c~-hydroxy N-nitrosamines with those of their models is also reported. The effect of the alkyl group on the mutagenicity of c~-hydroxy compounds has been compared with that on the mutagenicity of parent compounds in this mammalian system after metabolic activation by rat hepatocytes (Jones and Huberman 1980) .
Materials and Methods

Chemicals
N-Nitroso-N-(hydroxymethyl)alkylamines (alkyl=methyl, ethyl, propyl, and butyl) were synthesized by deoxygenation of the corresponding N-nitroso-N-(hydroperoxymethyl)alkylamines as described previously (Mochizuki et al. 1980a, b) . Ethyl methanesulfonate (Nakarai Chemicals Ltd.) was distilled (bp. 98.5-99 ~ at 18 mmHg) before use. Hanks' solution and MEM were purchased from Nissui Seiyaku Co., Ltd.
Cell Culture and Mutation Assay
The V79 Chinese hamster cells were kindly provided by Dr T. Kuroki, Institute of Medical Science, University of Tokyo. The effect of pH on the mutagenicity and cytotoxicity in V79 cells was examined with ethyl methanesulfonate as a positive control. For the assay of the ~-hydroxy N-nitrosamines, the cells in Hanks' solution (adjusted to pH 5 by addition of 1 N HC1) were treated with the test compound in 25 gl acetonitrile for 30 rain at 37 ~ and cytotoxicity and mutagenicity were determined by the method described previously (Huang et al. 1981) . Experimental values of MF were analyzed similarly to fit for an equation as a linear mutation, MF = m o + m l(dose), and the calculated factors mo and ml were used for calculation of MF at 100 gM and at LD37.
Calcu[ation of Data
Alkylation of Thiophenol
The method developed for the assay of alkylating reactivity of c~-acetoxy N-nitrosamines (M. Mochizuki et al., paper in preparation) was slightly modified, e-Hydroxy N-nitrosamine (25 gmol) in I ml acetonitrile was mixed with potassium thiophenolate (250 gmol) in 4 ml 0.1 M phosphate buffer (pH 7.4). After standing at room temperature for 60 min, the mixture was extracted with 2 ml ethyl acetate. The organic layer was washed with 10% NazCO3 and was dried over anhydrous NazSO4. Alkyl phenyl sulfides formed were analyzed by gas-liquid chromatography on a Shimadzu GC-7AG gas chromatograph equipped with a flame ionization detector. A glass column (2.5 mx3 mm ID) packed with 1.5% OV-17 on Chromosorb W AW-DMCS (60-80 mesh) was used. The column temperature was isothermal at 70 ~ for the first 16 rain, then programmed from 70 ~ to 180 ~ at 3 deg. C/min, and again isothermal at 180 ~ for 16 rain; injection and detector temperature was 210 ~ and the flow rate of the carrier gas (N2) was 40 ml/min. Diisopropyl phthalate was used as an internal standard. The alkylating reactivity was expressed as the percentage yield of alkyl phenyl sulfides relative to the amount of e-hydroxy N-nitrosamine used. The experiments were repeated at least four times.
Results
Effect of pH on Cytotoxicity and Mutagenicity in V79 Cells
The effect of pH of the incubation mixture on the cells was examined using ethyl methanesulfonate as a positive control. No significant differences were observed in the cytotoxicity and mutagenicity between pH 7 (MEM) and pH 5 (Hanks' solution) at concentrations of the compound up to 28 mM as shown in Fig. 2 . On the basis of this finding, the cytotoxicity and mutagenicity of the ~-hydroxy N-nitrosamines were tested at pH 5 (Hanks' solution). (Table 2) , the methyl compound was about five times more toxic than the ethyl compound, which was more toxic than the propyl and butyl compounds. The effect of alkyl group on MF was also dose-dependent, decreasing in the following order: methyl > ethyl > propyl --butyl. A clear effect of the alkyl group on MF was observed at 100 gM, but practically no effect on MF at LD37, Though MF was highest in the methyl compound, MF was low because of the high cytotoxicity. Ethyl, propyl, and butyl compounds showed a similar MY except that ethyl compound had a maximum at a significantly lower concentration.
Effect of Alkyl Group on Cytotoxicity and Mutagenicity in V79 Cells
The cytotoxicity and mutagenicity of the a-hydroxy N-nitrosamines tested are shown in Table 1 . Table 2 shows the calculated LD37 values and MF at 100 ~tM and LD37. The cytotoxicity was dose-dependent, and the methyl compound had the highest toxicity, followed by the ethyl compound, and then by the propyl and butyl compounds, the last two having a similar potency. By
Effect of Alkyl Group on Alkylating Reactivity
The yield of the alkyl phenyl sulfides produced by alkylation of thiophenol with the ~-hydroxy N-nitrosamines is shown in Table 3 . It was dependent on the alkyl group, and was highest with the methyl group, followed by the ethyl, and then by the propyl and butyl groups, the last two being almost the same. Thus the alkylating reactivity decreased with the increase of the alkyl chain length. With the propyl and butyl com-pounds, a small amount of isopropyl phenyl sulfide and sec-butyl phenyl sulfide, respectively, was obtained as an isomerized product arising from the alkylating species.
Discussion
~-Hydroxy N-nitrosamines are unstable compounds produced from N-nitrosamines in their metabolic activation. They have been synthesized recently and shown to be mutagenic in microbial strains without metabolic activation systems. In the. present work, they were also shown to be mutagenic in a mammalian system in the absence of metabolic activation systems. The mutagenicity in V79 cells has been usually assayed in neutral aqueous solution using MEM (Bradley et al. 1981) , but the c~-hydroxy N-nitrosamines were unstable under this condition. Half-lives of the N-hydroxymethyl N-nitrosamines at pH 7 were 14-23 s, whereas those at pH 3-5 were 5-6 min . Thus, it was necessary to test the mutagenicity and cytotoxicity in V79 cells at pH 5 but not in neutral solution. Then the behavior of the cells towards ethyl methanesulfonate, a known mutagen in V79 cells (Arlett et al. 1975 ) at pH 7 (MEM), was compared with that at pH 5 (Hanks' solution). Since no significant difference in the cytotoxicity and mutagenicity was observed between pH 7 and 5 (Fig. 2) , showing that they can be assayed at pH 5 without changing the susceptibility of the cells towards alkylating agent, the mutagenicity and cytotoxicity of the e-hydroxy N-nitrosamines were assayed at pH 5 in Hanks' solution.
The mutagenicity and cytotoxicity were heavily dependent on the alkyl group of the N-nitroso-N-(hydroxymethyl)alkylamines (Tables 1 and 2 ). The methyl compound was the highest, and the propyl and butyl compounds were almost the same in these biological activities, being the lowest among the compounds tested. In contrast to a clear effect of the alkyl group on MF at 100 gM, there was practically no difference among the compounds in MF at LD37. At equally cytotoxic doses, similar mutagenic potencies were observed for compounds with different alkyl groups.
The alkylating reactivity of e-hydroxy N-nitrosamines was determined by the alky~ation of thiophenol in aqueous environment. The effect of alkyl group on alkylating reactivity was clearly demonstrated, with the highest alkylation by the methyl compound (Table 3) . Formation of isomerized products from the propyl and butyl compounds indicated that the alkylating intermediate has an alkyl cation-like structure (Scribner and Ford 1982) .
The results relating to mutagenicity, cytotoxicity, and alkylating reactivity of the e-hydroxy N-nitrosamines showed a clear relationship between the mutagenic and cytotoxic potencies [correlation coefficient (r) = 0.9980] and a good correlation of alkylating reactivity with the mutagenic or cytotoxic potency (r= 0.9998 or 0.9989) in the order methyl > ethyl > propyl = butyl, suggesting that the alkylation is closely associated with the induction of mutagenicity and cytotoxicity.
The results on mutagenicity in V79 cells of the Nnitroso-N-(hydroxymethyl)alkylamines are shown in Table 4 together with those of the corresponding e-hydroperoxy (Kohda et al. 1982 ), e-acetoxy (Huang et al. 1981) , and dialkyl (Jones and Huberman 1980 ) Nnitrosamines. The comparison of the mutagenicity of the e-hydroxy N-nitrosamines in V79 cells with that in S. typhirnurium TA1535 ) is also included. Table 5 shows the comparison of the cytotoxicity in V79 cells of the ~-hydroxy N-nitrosamines with that of the ~-hydroperoxy (Kohda et al. 1981 ) and e-acetoxy (Huang et al. 1980 ) N-nitrosamines.
The mutagenic potency of the e-hydroxy N-nitrosamines in V79 cells is highly correlated with that in S. typhimurium (Table 4 ), but not with that in E. coli . With respect to the alkyl group, the order of the mutagenic activity was the same in S. typhimurium as in V79 cells, but the mutagenicity in E. coli WP2 and E. coli WP2 hcr-was found to be weak with the methyl compound and strongest with the ethyl compound. This may indicate a possible involvement of a repair system inducible in E. coli strains by methylating agents (Cairns et al. 1981) .
~-Hydroperoxy and ~-acetoxy N-nitrosamines are good models for the unstable ~-hydroxy N-nitrosamines. The present result on the ~-hydroxy compounds further supports their usefulness as model compounds. Good correlations of the biological activities between the ~-hydroxy compounds and their models were demonstrated, as seen in Table 4 and 5. The observed difference in the potency of the biological activities is partly due to the instability of the ~-hydroxy compounds as compared with the models (Mochizuki et al. 1980a .
A high correlation of MF in V79 cells was observed between c~-hydroxy N-nitrosamines in the present study and N-nitrosodialkylamines (dialkyl=di-methyl, diethyl, dipropyl, and dibutyl) after metabolic activation by rat hepatocytes (Jones and Huberman 1980) (Table 4) . Though the ~-hydroxy intermediates derivable from these N-nitrosodialkylamines by metabolic c~-hydroxylation are not the same as those having a hydroxymethyl group used in the present study, except N-nitrosodimethylamine, they are expected to Table 2 e Calculated from data given by Kohda et al. 1982 f Calculated from data given by Huang et al. 1981 correlation coefficients calculated;
give the identical alkylating species (alkyldiazohydroxides) after releasing aldehydes, which are produced from the hydroxymethyl compounds.
The results obtained here added support to the proposal that the a-hydroxy N-nitrosamines are the active species in the metabolic activation of carcinogenic and mutagenic N-nitrosodialkylamines, and the alkylation is of primary importance in the manifestation of mutagenic and cytotoxic effects of N-nitrosodialkylamines.
